Aim: Leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation (LBSL) is known as a relatively mild leukoencephalopathy. We investigated the occurrence of severe variants of LBSL with extensive brain magnetic resonance imaging (MRI) abnormalities. Method: MRIs of approximately 3,000 patients with an unknown leukoencephalopathy were retrospectively reviewed for extensive signal abnormalities of the cerebral and cerebellar white matter, posterior limb of the internal capsule, cerebellar peduncles, pyramids, and medial lemniscus. Clinical data were retrospectively collected. Results: Eleven patients fulfilled the MRI criteria (six males); six had DARS2 mutations. Clinical and laboratory findings did not distinguish between patients with and without DARS2 mutations, but MRI did. Patients with DARS2 mutations more often had involvement of structures typically affected in LBSL, including decussatio of the medial lemniscus, anterior spinocerebellar tracts, and superior and inferior cerebellar peduncles. Also, involvement of the globus pallidus was associated with DARS2 mutations. Earliest disease onset was neonatal; earliest death at 20 months. Interpretation: This study confirms the occurrence of early infantile, severe LBSL, extending the known phenotypic range of LBSL. Abnormality of specific brain stem tracts and cerebellar peduncles are MRI findings that point to the correct diagnosis.
Introduction
Leukoencephalopathy with brain stem and spinal cord involvement and elevated lactate (LBSL) typically has a childhood or adolescent onset and very slow disease course. Patients develop insidious pyramidal, cerebellar, and dorsal column dysfunction 3 . Peripheral neuropathy is seen in some but not in all patients. Most patients become wheelchair dependent in their late teens or 20s. Adult onset oligosymptomatic cases have been described 10, 11 : the eldest known patients are in their 50s. The disease was initially defined by magnetic resonance imaging (MRI) criteria (Table 1) . LBSL is caused by recessive mutations in DARS2, which encodes mitochondrial aspartyl-transfer ribonucleic acid synthetase 6 . Until recently, all known patients were compound heterozygous for two different DARS2 mutations 6 . In 2011, two families with homozygous DARS2 mutations were described 57, 58 . One was a Japanese family with three severely affected siblings 57 . They had more extensive MRI abnormalities than known for LBSL, with diffuse cerebral and cerebellar white matter abnormalities and striking globus pallidus involvement. Additionally, signal abnormalities were observed in the posterior limb of the internal capsule, pyramidal tracts, medial lemniscus, cerebellar peduncles, dorsal columns, and lateral corticospinal tracts, structures typically affected in LBSL 57 . Histopathology in two of the three affected siblings revealed myelin vacuolation 14 , as was previously suggested by quantitative MRI 13 . We searched for patients with similar severe MRI abnormalities among our patients with a leukoencephalopathy of unknown origin and performed DNA analysis of DARS2 in eligible cases to confirm the existence of a severe variant of LBSL. We reviewed the MRI abnormalities, clinical symptoms, and gene mutations.
Methods
This study received institutional review board (IRB) approval with waiver of informed consent. Our database of patients with a leukoencephalopathy of unknown origin contains approximately 3,000 patients. All MRIs were evaluated following a standard protocol 2 . In analogy with the findings reported in the Japanese patients 57 , we selected patients if their MRI fulfilled the following criteria: (1) diffuse signal abnormalities involving all or almost all cerebral white matter; only sparing of the directly subcortical white matter was accepted; (2) signal abnormalities in the cerebellar peduncles (inferior, middle, superior, or a combination of these); and (3) signal abnormalities of the pyramids, the medial lemniscus, or both. In most patients no spinal cord MRI was performed, and the criterion of involvement of dorsal columns and lateral corticospinal tracts was not applied. With IRB approval and parental informed consent, DARS2 analysis was performed in the patients fulfilling the MRI criteria (new primers available on request). Clinical and laboratory data were evaluated. 
Results

Clinical and laboratory findings
A total of 11 patients fulfilled the MRI criteria; 6 were male and 5 were female. In six patients, DARS2 mutations were found (Table 2 ). All patients were compound heterozygous for two mutations. The clinical details of the patients are summarized in Table 3 . Among the six patients with DARS2 mutations, one had antenatal onset. From birth, she lacked all development. She had poor head control, hypotonia, and decreased tendon reflexes. She had no visual contact. At 5 months, she developed seizures. She died at 20 months because of respiratory failure. The second patient displayed regression from 7 months. She became hypotonic with decreased tendon reflexes and intention tremor. She required tube feeding at 20 months. At 22 months, she died because of respiratory insufficiency. The third patient presented at 11 months with developmental regression, hypotonia, and nystagmus after surgery for a clubfoot. Subsequently, he slowly gained some developmental milestones. At 2 years, he could walk with support, but he never achieved walking without support. At 6 and 10 years, he deteriorated after hip surgery and pneumonia. Currently, at 11 years, he has a hypotonic tetraparesis and cannot sit without support. The other three children had a normal or mildly delayed initial development and presented at ages between 2 and 6 years with signs of motor deterioration. Their present age is between 5 and 11 years. They have a significant handicap with spasticity and ataxia and mild cognitive deficiency. Metabolic investigations revealed abnormalities in the most severely affected patient only, showing inconsistently elevated plasma lactate. In this patient, post-mortem examination of the brain showed widespread loss of myelin in the cerebral and cerebellar white matter with reactive astrocytes and foamy macrophages. The relatively spared subcortical white matter showed vacuolar changes. The disease course of the five patients without DARS2 mutations was in general more severe with death of four patients. Metabolic investigations were unrevealing except for variable elevations of plasma lactate in four patients. n.e.
n.e.
Mesencephalic trigeminal tracts n.e.
--n.e.
n.e. 
Magnetic resonance imaging findings
MRI findings are summarized in Table 4 . If multiple MRIs were available in one patient, the first was used for initial evaluation. Follow-up MRIs were evaluated to study disease course. In conformity with the inclusion criteria, all patients had diffuse cerebral white matter abnormalities ( Figure 1A ) (with sparing of only the directly subcortical white matter in some cases) and involvement of the cerebellar white matter and cerebellar connections. In all the six patients with DARS2 mutations, the posterior limb of the internal capsule was abnormal, in four patients with swelling ( Figure 1B) . In these patients, the abnormal signal of the globus pallidus and posterior limb of the internal capsule merged ( Figure 1B) . The corpus callosum was affected throughout in all the patients, in three patients with swelling. The pyramidal tracts in the midbrain, pons ( Figure 1C ), and medulla ( Figure 1D ) were affected. The superior, middle, and inferior cerebellar peduncles were affected in most patients ( Figure 1C, D) . The medial lemniscus was affected in all the patients, especially the decussatio ( Figure 1D ). The anterior spinocerebellar tract was abnormal ( Figure 1D ). In the three most severely affected patients, the entire medulla oblongata was abnormal except for the primary olivary nucleus ( Figure 1D ). Gray matter structures other than the globus pallidus were preserved. Follow-up MRIs in three patients showed gradual loss of white matter volume as only change.
In the five patients without DARS2 mutations, the corpus callosum and posterior limb of the internal capsule were also abnormal and swollen. The globus pallidus, brain stem (medial lemniscus, anterior spinocerebellar tracts), and cerebellar peduncles, however, were less frequently affected. Follow-up MRI was available in only one patient after a short interval. The MRI findings distinguished the two patient groups. Patients with DARS2 mutations more often had involvement of brain stem structures typically affected in LBSL, including decussatio of the medial lemniscus, anterior spinocerebellar tracts, and pyramids, than patients without mutations. In patients with DARS2 mutations, the inferior, middle, and superior cerebellar peduncles were affected, whereas in patients without DARS2 mutations, only the middle peduncles were consistently involved. Also, globus pallidus abnormalities discriminated between the groups. 
pyramids (D), superior (C), middle (C), and inferior (D) cerebellar peduncles, and medial lemniscus (C,D). In the medulla oblongata, only the primary olivary nucleus is spared (D).
Discussion
This study confirms the existence of an early-onset and severe form of LBSL
57
. With that, LBSL covers the entire possible phenotypic range, with on the most severe end of the spectrum antenatal and early infantile onset, a rapidly progressive and early fatal disease course, and a severe leukoencephalopathy on MRI, and on the other end adult onset, a highly protracted disease course, and limited white matter abnormalities on MRI. In contrast to the Japanese article 57 , we did not find homozygous DARS2 mutations. We cannot confirm the suggestion that homozygosity for a DARS2 mutation explains the most severe cases 57 . Importantly, in the other recently reported patient with a homozygous DARS2 mutation, the disease course was mild 58 . We found the same mutations and combinations of mutations in our early-onset patients as observed in patients with later onset disease 6 , suggesting that other genetic and environmental factors influence the phenotype. In later onset LBSL, MRI usually shows inhomogeneous cerebral white matter abnormalities, sparing the subcortical areas. Sometimes, the cerebral white matter abnormalities are limited to multifocal lesions on a normal background. Cerebellar white matter abnormalities are predominantly subcortical. Involvement of superior and inferior cerebellar peduncles and specific brain stem tracts is most characteristic for the disorder 3, 6 . Middle cerebellar peduncles are rarely affected 3 . In contrast, in early-onset LBSL, the cerebral white matter is more extensively and homogeneously affected, sparing only a thin rim of directly subcortical white matter. The cerebellar white matter is diffusely abnormal, without subcortical preponderance. Inferior, middle, and superior cerebellar peduncles are all affected. The middle cerebellar peduncle signal abnormalities hamper delineation of signal changes in the intraparenchymal trigeminal nerves and mesencephalic trigeminal tracts. Globus pallidus abnormalities are frequent and have not been observed in later onset LBSL. The striking involvement of specific brain stem tracts and cerebellar peduncles is the same as in later onset LBSL; these latter abnormalities, together with the involvement of the globus pallidus, allow discrimination between the presence and absence of DARS2 mutations. We propose a revision of the MRI criteria (Table 1 ) and move abnormalities of the decussatio of the medial lemniscus to the major criteria as alternative for abnormalities in the pyramids because the medial lemniscus is involved in patients with early (this article) as well as later 3 onset LBSL. Additionally, we propose to omit the subcortical preponderance of the cerebellar white matter abnormalities from the minor criteria. Involvement of additional structures, such as the globus pallidus, middle cerebellar peduncles, and genu and body of the corpus callosum should not distract from a diagnosis of LBSL.
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